Introduction
Horizontal gas injection is commonly utilized in the stainless steel refining processes such as the AOD process. [1] [2] [3] [4] The mixing behavior of the molten metal bath in the reactor however is not fully understood yet. The authors have been investigating the fluid flow phenomena agitated by horizontal gas injection to enhance the mixing efficiency of the current refining processes as well as to develop novel refining processes. [4] [5] [6] [7] [8] In previous water model studies, experiments were carried out on the bath surface oscillations induced by horizontal air injection into a cylindrical water bath through an L-shaped lance. [9] [10] [11] [12] Several kinds of bath surface oscillations were observed depending on the diameter of the vessel, D, gas flow rate, Q g , bath depth, H L , and the lance immersion depth, H in . A map was drawn as a function of the dimensionless lance immersion depth, H in /D, and gas flow rate, Q g , to identify the occurrence conditions of the oscillations. 12) Particular attention was paid to the swirl motion of the deep-water wave type because of its practical importance. 13, 14) Empirical equations were proposed to describe the boundary of the occurrence region of the swirl motion on the map.
12) The measured values of the period, T s , and amplitude, A, of the swirl motion were compared favorably with previously proposed empirical equations for the bottom gas injection.
In this study the mixing time was experimentally measured in the presence of the swirl motion of the deep-water wave type to derive an empirical equation for itself. Figure 1 shows a schematic of the experimental apparatus. Two vessels of the diameters of Dϭ0.130 m and 0.200 m were used. De-ionized water and air were chosen as the model working fluids for molten steel and argon, respectively. Air was injected into the water bath from an Lshaped lance in the horizontal direction. The inner and outer diameters of the lance, d ni and d no , were 3.7 mm and 5.1 mm for Dϭ0.130 m, and 4.1 mm and 6.4 mm for Dϭ 0.200 m, respectively. The exit of the lance was placed on the centerline of the vessel and its stem was located at rϭR/2. Here, r is the radial distance and R is the vessel radius. The gas flow rate, Q g , was adjusted with a mass flow controller over a wide range. Bath surface oscillations were observed by eye inspection and with a high-speed camera.
Experiment
The mixing time was measured with an electric conductivity meter. A KCl aqueous solution of 1 mol/L was used as a tracer liquid. A top view of the probe and tracer charge positions are shown in Fig. 2 together with the electrical conductivity change with time. The tip of the probe is located 20 mm from the bottom wall and 10 mm from the side wall, just as in the previous study. The aqueous KCl solution was charged onto the bath surface using a small beaker. The volume of the tracer was chosen to be 0.1 vol% of bath water. The mixing time was defined as the period from the instance of tracer charge to the moment at which the electric conductivity settles down between 95 % and 105% of its final value, as shown in Fig. 2 . Namely, the so-called Ϯ5% criterion was chosen in this study. Mixing time measurements were repeated three times under every experimental condition. Water model experiments are carried out to understand the mixing behavior of the steel refining processes agitated by horizontal gas injection. Mixing time in a cylindrical water bath agitated by horizontal air injection through an L-shaped top lance is measured with an electric conductivity meter. Several types of bath surface oscillations are induced by the gas injection depending on the operation parameters such as the vessel diameter and gas flow rate. Particular emphasis is placed on the condition that a swirl motion of the deep-water wave type appears in the bath. This is because the swirl motion plays a practically important role for bath mixing. The diameter of the bath, lance exit position, bath depth, and gas flow rate are varied over a wide range. An empirical equation is proposed for the mixing time in the presence of the swirl motion.
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Experimental Results and Discussion
Occurrence Condition of Steady Swirl Motion of
the Deep-water Wave Type 3.1.1. Derivation of Empirical Equations Describing Occurrence Condition Swirl motions of a bubbling jet induced by the horizontal gas injection can be classified into two categories, shallowwater and deep-water wave types, 12) mainly depending on the dimensionless lance immersion depth, H in /D. The former appears for H in /D smaller than about 0.3, while the latter appears for H in /D greater than about 0.3. In the presence of the swirl motion of the deep-water wave type, the buoyancy forces acting on bubbles generated in the bath are effectively transferred to liquid in the bath to circulate the liquid unlike the case of the swirl motion of the shallow-water wave type. 13) Accordingly, the bath is more effectively agitated by the swirl motion of the deep-water wave type than by the swirl motion of the shallow-water wave type.
The swirl motion of the deep-water wave type sometimes stopped for a while and then recovered under a certain blowing condition. These events were nearly periodically repeated. This type of swirl motion was named an intermittent swirl motion and excluded from the analysis. Accordingly, only a steady swirl motion of the deep-water wave type was treated in this study.
A snapshot of the bath in the presence of the steady swirl motion of the deep-water wave type is shown in Fig. 3 . The vessel diameter, D, was 0.130 m, the gas flow rate, Q g , was 2.00ϫ10 First, the occurrence condition of the swirl motion of the deep-water wave type will be discussed below. In the previous study 12) an oscillation pattern map was introduced to identify the occurrence condition of the steady and intermittent swirl motions of the deep-water wave type. The following three empirical equations were proposed for describing the boundary of the occurrence region of the swirl motions on the map. 2) where Fr mD is the modified Froude number and g is the acceleration due to gravity. Equation (1) is applicable to this case without any modifications. (4) where We is the modified Weber number, r L is the density of liquid, and s is the surface tension. Equation (3) also is applicable to this case without any modifications. mittent swirl motions of the deep-water wave type was found in the previous study as:
. The coefficient, k 2 , was modified to fit the boundary of the occurrence region of the steady swirl motion. The value of k 2 thus determined in this study was 3.0. Substituting k 2 ϭ3.0 into Eq. (5) The physical backgrounds for deriving Eqs. (1), (3), and (5) should be referred to Ref. 12) .
Figures 4 through 9 show the oscillation pattern maps for the different two vessel diameters. The steady swirl motion of the deep-water wave type was denoted by an open circle, ᭺. The remaining types including the intermittent swirl motion of the deep-water wave type were collectively denoted by ϫ. Equations (1), (3), and (9) were drawn with solid lines in each figure. It is evident that the boundary can be satisfactorily approximated by these three empirical equations. Meanwhile, these equations do not include the effect of bath depth, H L . This is because the swirl motion of the deep-water wave type is not affected by the bottom wall of the vessel. Mixing time measurements were carried out in the presence of a steady swirl motion of the deep-water wave type. 
Applicability of Presently Derived Empirical Equations to Molten
Metal Bath According to previous investigations on the swirl motion of the deep-water wave type in a molten metal bath agitated by bottom gas injection, 13) the occurrence condition of the swirl motion can be described by empirical equations derived from water model experiments. This is because the bubble dispersion behavior in a molten metal is similar to that in a water bath, as gas is injected straight upwards in the bath. In the horizontal gas injection, however, the horizontal penetration depth of bubbles would be different from that in a water bath. The horizontal penetration depth is closely associated with the sub-boundary (III). Consequently, the applicability of Eq. (9) to a molten metal bath must be left for a future study. Equations (1) and (3) have nothing to do with the horizontal penetration depth and, hence, seem to be useful also in a molten metal bath.
Mixing Time
Relationship between Mixing Time, T m , and Gas
Flow Rate, Q g Figure 10 shows the measured values of mixing time, T m , against gas flow rate, Q g , for Dϭ0.130 m. The aspect ratio of the bath was denoted by H L /D, where H L is the initial bath depth, i.e., bath depth before gas injection. The measured value of T m decreased monotonically with an increase in Q g . It is well known that the mixing time in a bottom blown bath is proportional to Q g
Ϫ0.47
. 15) The index of Ϫ0.47 was indicated by the gradient of the triangle in Fig.  10 . The measured value of T m decreased nearly proportional to Q g Ϫ0.47 for every aspect ratio. The same tendency was observed for the vessel of Dϭ0.200 m, as can be seen in Fig. 11. 
Relationship between Mixing Time, T m , and Lance
Immersion Depth, H in As shown above, the dependency of the mixing time, T m , on the gas flow rate, Q g , observed in this study was the same as that reported for the bottom blown bath. (13) where g is the acceleration due to gravity, Re is the Reynolds number, v sp is the superficial velocity of gas, and n L is the kinematic viscosity of liquid.
The measured values of T m were non-dimensionalized by referring to Eq. (11) and plotted against H in /H L for different three aspect ratios in Fig. 12 (14) where the coefficient, m, and the index, n, are assumed to be constant.
. Applicability of Eq. (15) to a molten metal bath agitated by horizontal gas injection through an L-shaped lance also must be left for a future study.
Conclusions
Water model experiments were carried out to understand the mixing time for a bath agitated by horizontal gas injection through an L-shaped top lance. Particular attention was paid to the mixing behavior of the bath in the presence of the swirl motion of the deep-water wave type. This is because strong mixing is expected when the swirl motion appears. Main findings obtained in this study can be summarized as follows:
(1) The region where the steady swirl motion of the deep-water wave type appears in the bath was shown on the flow pattern map. Three empirical Eqs. (1), (3) and (9), were proposed for describing the boundary of the abovementioned region.
(2) The following empirical equation was proposed for the mixing time of the bath in the presence of the steady swirl motion of the deep-water wave type. 
